Introduction
The p16
INK4a (p16) gene is a tumor suppressor involved in regulating cell cycle checkpoints. The p16 protein specifically binds to and inhibits the cyclin-dependent kinases CDK4/6, which regulate cell cycle progression in G1 through phosphorylation of the retinoblastoma protein (pRB) (Goodrich et al., 1991; Ewen et al., 1993; Kato et al., 1993; Matsushime et al., 1994) . Defects in coding sequences have been associated with familial melanoma (Hussussian et al., 1994) , and the gene is frequently inactivated in a wide variety of cancers by methylation or mutation (Baylin and Bestor, 2002; Jones and Baylin, 2002) . Selective targeting of p16 in mice place them at an increased risk for tumor development (Krimpenfort et al., 2001; Sharpless et al., 2001) . Much less is known about the possible regulatory defects.
Our recent work in knockout mice and transient transfections of p16 cDNA allelic variants has implicated the p16 gene, encoded by the Cdkn2a locus, as the Pctr1 plasmacytoma susceptibility/resistance gene on mouse Chr 4 (Zhang et al., 1998 . Plasma cell tumors arise in BALB/cAnPt mice following 5-12 months of chronic exposure to mineral oil, pristane, or silicone gels (Potter and Boyce, 1962; Potter, 1984; Potter et al., 1994a) . These tumors require IL6 (Nordan and Potter, 1986; Hilbert et al., 1995) , which activates the Ras/MAP kinase signal transduction pathway for growth (Ogata et al., 1997) , and the JAK/STAT3 pathway for antiapoptotic survival factors (Puthier et al., 1999) . In contrast, DBA/2N mice are solidly resistant to tumor induction with pristane (Morse III et al., 1980) . Backcross and congenic strain analyses comparing genotypes with phenotypes have identified several susceptibility/resistance loci, including Pctr1 on mouse Chr 4 (Potter et al., 1994b; Mock et al., 1993 Mock et al., , 1997 Zhang et al., 1998 Zhang et al., , 2001 Zhang and Mock, 1999) .
Studies of the Pctr1 locus focused on the identification of rare p16 alleles, as defined by differences in coding sequences (Zhang et al., 1998) , and on the decreased specific activity of the p16 protein encoded by susceptible mice compared to that in resistant mice (Zhang and Mock, 1999; Zhang et al., 2001) . However, since regulatory polymorphisms may accompany coding polymorphisms, we have now explored the possibility that differences in the activity of the p16 promoter might also contribute to the reduced p16 gene function in BALB/cAn mice. Of the six transcription factors that have been shown to regulate the human p16 promoter, only three (Ets1, junB, and Id) (Alani et al., 2001; Ohtani et al., 2001; Passegue and Wagner, 2000) have consensus binding sites (Ets1, AP1, and E boxes, respectively) in the mouse. In the current study, we have identified another transcription factor, Rreb, which can repress p16 promoter activity. It was found to bind preferentially to the promoter of BALB/c mice, relative to that of DBA/2.
Results
Differential expression of p16 after pristane treatment in plasmacytoma susceptible BALB/cAn versus resistant DBA/2 and C.D2-Pctr1 congenic mice Quantitative real-time PCR was used to compare the levels of p16 mRNA in splenic B cells from untreated mice (basal levels) and pristane-treated mice. We have reported previously, by Northern blotting, that the basal p16 mRNA levels in spleen are similar between the sensitive BALB/c strain and the resistant DBA/2 strain (Zhang et al., 1998) . Consistent with this result, similar basal levels were found for p16 mRNA levels in splenic B cells from BALB/c and C.D2-Pctr1 congenic mice, as assessed by quantitative real-time PCR (Figure 1 ). C.D2-Pctr1 mice, which are resistant, harbor a 1.5 cm segment of DBA/2 chromatin that includes the DBA/2 allele of p16, on a BALB/c background. Following 7 days of pristane treatment, p16 mRNA levels in BALB/c splenic B cells were reduced by approximately sixfold compared with untreated cells (Figure 1 ; compare white versus black bars). This level of p16 mRNA in the pristane-treated BALB/c mice was three times lower than that in the treated DBA/2 or C.D2-Pctr1 congenic, which were similar to each other. Subsequent experiments involving Western blots with protein lysates from splenic B cells also suggested that BALB/c p16 protein levels were lower than those of DBA/2 following pristane treatment (data not shown).
p16 promoter contains sequence differences between plasmacytoma susceptible BALB/c and resistant DBA/2 mice
The above experiments suggested that the p16 promoter region might be polymorphic between BALB/c and DBA/2 mice. To assess this possibility, the promoter region of p16 (GenBank U47018) (Soloff et al., 1996) was sequenced in BALB/c and DBA/2 strains of mice. This analysis of the sequences that lie upstream from the p16 transcription start site (À761 to +81) revealed that BALB/c contained four sequence variants compared with DBA/2 (Figure 2 ). The allelic variants (DBA/2N, BALB/cAn) were detected at the following positions ( Figure 2 ): À555 (G, C); À289 (G, deletion); À225 (G, C); À32 (A, deletion).
The p16 promoter from DBA/2, a resistant strain of mouse, is more active than the BALB/c promoter The differences in p16 mRNA expression levels in B cells from BALB/c and DBA/2 following pristane treatment and the presence of sequence differences between the susceptible and resistant strains prompted us to examine INK4a promoter coupled to the luciferase reporter gene. The diagram corresponds to sequences from À761 to +81. Arrows indicate the locations of primers for PCR. The four single nucleotide differences between DBA/ 2N and BALB/cAn promoter sequences are indicated (O ¼ deletion), as are the restriction endonuclease sites used in the cloning of the reporter plasmids whether the BALB/c and DBA/2 promoters might differ in their activity. To test this possibility, the sequenced BALB/c and DBA/2 promoter regions (À761 to +81) were cloned into a luciferase reporter gene construct (plasmid D-761 for DBA/2 and C-761 for BALB/c). The plasmids were transiently transfected into a BALB/c plasmacytoma cell line, TEPC1165, to measure their luciferase activity in a cellular context directly relevant to the disease under study. Although the two promoter sequences were more than 99% identical, the luciferase activity driven by the DBA/2 promoter was found to be more than four times that of BALB/c (Figure 3a, . Similar results were obtained in NIH3T3 cells (as discussed below in Figure 8 ) and in HEK293 cells (data not shown).
Localization of differences in promoter activity to the variant nucleotide (À32) closest to the transcription start site
The above results indicated that, as was true of the p16
INK4a mRNA levels in pristane-treated B cells, the DBA/2 promoter region yielded a high-expression phenotype and BALB/c a low-expression phenotype in the plasmacytoma cell line. To understand the relative importance of each divergent nucleotide within the promoter for the phenotypic difference in TEPC1165, two types of promoter mutants were prepared for the luciferase reporter assay. In one, we constructed a paired set of 5 0 deletion mutants of D-761 and C-761 that progressively removed one or more of the nucleotides that are divergent between DBA/2 and BALB/c (Figure 3a) . In the other, we constructed a series of chimeric 5 0 DBA/2-BALB/c 3 0 promoters (À761 to +81) that contained combinations of the DBA/2-specific and BALB/c-specific nucleotide variants (Figure 3b ). For each paired deletion mutant, the luciferase activity in TEPC1165 was higher for the DBA/2 promoter segment than for the corresponding BALB/c segment, although the magnitude of the difference appeared to vary (Figure 3a) . In particular, the DBA/2 mutant D-141, which contained only the DBA/2-specific nucleotide closest to the transcription start site (À32), retained high expression, while the corresponding BALB/c mutant C-141 retained low-expression. These findings suggested that the variation at this nucleotide was critical to the divergent phenotypes of the fulllength DBA/2 and BALB/c promoter regions. The results obtained with the promoter region chimeras substantiated this conclusion (Figure 3b ), since the chimera C1-761, composed of the BALB/c-specific variant at nucleotide À32 and the three upstream DBA/2-specific variants, had the low-expression phenotype characteristic of the full-length BALB/c promoter region. Taken together, the assays with the deletion and chimeric promoters narrowed the difference in activity between the BALB/c and DBA/2 promoters to position À32 immediately 5 0 of exon1a.
RREB binding to sequences in the BALB/c promoter is more efficient than to the analogous DBA/2 sequences A likely hypothesis to explain the difference in the activity of the DBA/2 and BALB/c promoters is that they differ in the efficiency with which they bind one or more regulatory factors. Having identified the BALB/ c-specific deletion of the 'A' at nucleotide À32 as a functionally important difference in the p16 promoter, we sought to determine if the presence or absence of the 'A' might affect the binding of a known transcription factor to the promoter.
Transcription factor databases were searched to predict whether the p16 promoter sequences surrounding nucleotide À32 might contain potential transcription factor binding sites. This screen indicated that nucleotides À55 to À11 harbored consensus binding sites for the following transcription factors: RREB, Sp1, MZF1, IKBS2. The only consensus binding site that was predicted to be affected by the deletion of the 'A' at À32 was the one for binding the ras-responsive element binding (RREB) protein. This deletion in the BALB/c promoter results in a consensus binding site (cCCCAcaccatcct) for RREB, in contrast to that same region in DBA/2 (cCCCAAcaccatcct).
This finding made RREB a prime candidate to account for the difference in the activity of the BALB/c and DBA/2 promoters. To test this possibility experimentally, we performed an electrophoresis mobility shift assay (EMSA). We compared a radiolabeled oligonucleotide containing the consensus RREB binding motif found in BALB/c and a radiolabeled oligonucleotide containing the additional 'A' as found in DBA/2 for their ability to bind to nuclear extracts from BALB/c splenic B cells ( Figure 4a ). As predicted, incubation of extract with the BALB/c oligonucleotide resulted in three specific EMSA bands (lane 3, arrows) that were competed by excess cold BALB/c oligonucleotide (lane 4). By contrast, most of the material in the lane from the extract incubated with the labeled DBA/2 oligonucleotide appeared to be background bands (lane 1), and Figure 4 EMSA with B-cell nuclear extracts from BALB/c mice used as substrate in binding. Oligos for the DBA/2 or BALB/cAn RREB site from the p16 promoter were used as labeled probes in the binding assays. Unlabeled cognate probes (cold) were used in 100-fold excess in competitive binding assays (a). In (b), the ability of oligos for a variety of transcription factors to compete with RREB for binding to the nuclear extracts was compared excess cold DBA/2 oligonucleotide did not appreciably alter the pattern in the gel (lane 2).
Further analysis indicated that cold DBA/2 oligonucleotide was able to compete partially with the labeled BALB/c oligonucleotide ( Figure 4b , lanes 1 and 3), although less efficiently than cold BALB/c oligonucleotide (lanes 2 and 5). The competition seen with these cold oligonucleotides was specific, as there was no competition with cold oligonucleotides containing the other putative transcription factor consensus binding sites present in the À55 to À11 segment of the promoter, namely SP1, MZF1, and IKBS2 (lanes 4, 6, and 7, respectively). These results indicate that the nuclear extract contains a factor(s) whose binding activity is consistent with that expected for RREB.
We then compared the ability of the DNA binding domain of the RREB protein to bind the BALB/c oligonucleotide, containing the consensus RREB binding site, versus the analogous DBA/2 oligonucleotide. For this assay, a GST-RREB fusion protein was made from a truncated human RREB cDNA (Thiagalingam et al., 1996) encoding the 230 amino acids of the protein that contain the two zinc-fingers from the C-terminus, which are required for RREB to bind its consensus sequence motif. When the GST-RREB protein was used as substrate, the labeled BALB/c oligonucleotide and the labeled DBA/2 oligonucleotide each bound the RREB peptide in a dose-dependent manner ( Figure 5 ). However, at each concentration more of the BALB/c oligonucleotide was bound than DBA/2 oligonucleotide. These results indicate that RREB can bind to both oligonucleotides, and that it binds the BALB/c oligonucleotide more efficiently than the DBA/2 oligonucleotide.
RREB is expressed in splenic B cells
To verify that Rreb was expressed in splenic B cells, RT-PCR was performed on the RNAs that had been used to examine p16 mRNA expression in Figure 1 . The RT-PCR analysis with RREB primers identified a band in the susceptible and resistant mice whose migration rate corresponded to the size (359 nt) predicted for this product ( Figure 6 ). After 7 days treatment with pristane, the Rreb levels were similar or slightly higher in the B cells of treated compared to untreated mice. The expression of Rreb in splenic B cells supports the possibility that RREB may contribute to the pristanedependent reduction in p16 expression (Figure 1 ).
Exogenous RREB inhibits mouse p16 promoter activity
To extend the above in vitro results to an in vivo functional assay, a full-length human RREB cDNA (Thiagalingam et al., 1996) was subcloned into a mammalian expression vector and cotransfected with representative BALB/c and DBA p16 promoter constructs (Figure 7 ). In the TEPC1165 cells, the activity of both promoters was susceptible to inhibition by the RREB plasmid. This was the case whether the promoter consisted of the full-length version (À761 to +81) or the deleted versions whose only variant nucleotide was the one at À32 (Figure 7a ). When 18 mg of reporter plasmid were cotransfected with 2 mg of RREB plasmid, the resulting level of RREB expression almost completely suppressed the activity of either promoter (Figure 7a ).
Since the BALB/c and DBA/2 promoters could be regulated by exogenous RREB, we compared the Figure 5 EMSA of RREB binding. Increasing concentrations of GST-cRREB, containing 230 C-terminal amino acids of human RREB, were used as substrate for the binding of oligonucleotide probes for DBA/2N or BALB/cAn RREB sites from the p16 promoter. This experiment was repeated three times with similar results Figure 6 RT-PCR results for Rreb from cDNAs made from splenic B cells of normal (lanes 1 and 2: C.D2-Pctr1 (p16) and BALB/cAnPt) and pristane-primed mice (lanes 3-5: C.D2-Pctr1 (p16), BALB/cAnPt, and DBA/2N) relative sensitivity of the promoters to RREB in the TEPC1165 cells by cotransfecting various amounts of the RREB plasmid with a constant amount (18 mg) of either the full-length BALB/c promoter construct or the comparable DBA/2 construct (Figure 7b ). The results indicated that the BALB/c promoter was more sensitive than DBA/2 to inhibition by RREB, which is consistent with the in vitro binding studies described in the previous section.
In NIH 3T3 cells RREB must be activated to suppress the p16 promoter
The activity of the promoter constructs was then extended to another cell type, by transfecting them into NIH 3T3 mouse fibroblasts (Figure 8 ). In these cells, the DBA/2 promoter was about twice as active as the BALB/c promoter (Figure 8 , compare the black bars in both experiments). Therefore, the DBA/2 promoter was more active than BALB/c in both the TEPC1165 plasmacytoma cell line and NIH 3T3 fibroblasts. However, the magnitude of the difference was lower in the fibroblasts. When HEK293 cells were transfected with the two constructs, the DBA p16 promoter construct had a threefold higher activity than the BALB promoter (data not shown).
When RREB was cotransfected with a promoter construct into NIH 3T3 cells, neither the BALB nor the DBA promoter was inhibited (Figure 8 , solid black bars in upper panel), in contrast to the inhibition seen when these plasmids had been cotransfected into the TEPC1165 plasmacytoma cell line (Figure 7) . One interpretation of the NIH 3T3 result is that the exogenous RREB was not activated in NIH 3T3 cells. In its original description, RREB activity was found to depend on Raf-activation, and it was inferred that the Ras-Raf-Mek-MAPK pathway was activated (Thiagalingam et al., 1996) . We therefore tested whether in NIH 3T3 the addition of mutationally activated Ras or MEK might enable exogenous RREB to inhibit the promoters in NIH 3T3 cells. The expression of activated Ras and Mek in the transfected cells was confirmed by Western blot (data not shown). Cotransfection of the three plasmids -RREB, a promoter construct, and either Ras or MEK -led to inhibition of both the DBA/2 promoter and the BALB/c promoter (Figure 8 , white bars for the 
Discussion
These studies have identified a second class of defect in p16, namely gene regulation, in BALB/c mice. We found that although p16 mRNA expression in splenic B cells from untreated mice was similar regardless of whether the strain was sensitive or resistant to pristane-induced plasmacytomas, pristane treatment induced a substantially greater reduction in p16 expression in sensitive BALB/c than in resistant DBA/2. The difference in p16 expression, in vivo, most likely results from polymorphisms between the BALB/c and DBA/2 promoters. First, the pristane-induced levels of p16 expression in C.D2-Pctr1 (p16) mice was similar to that of DBA/2. Since C.D2-Pctr1 (p16) is a resistant, congenic BALB/c strain that contains a 1.5 cm segment of DBA/2 chromatin that includes the DBA/2 p16 gene, this observation localizes the level of pristane-dependent p16 expression to cisregulatory elements in the p16 gene or to a locus within the DBA/2 segment. Second, our functional analysis of the putative p16 promoter confirmed that the BALB/c promoter was less active than the DBA/2 promoter when transfected into plasmacytoma cell lines, NIH3T3 cells or HEK293 cells. These findings imply that the impairment in p16 gene function that predisposes BALB/cAn/Pt to pristane-induced plasmacytomas is attributable to combined alterations in gene expression and protein function.
Our findings identified RREB as a direct negative regulator of p16 expression, and they suggest that allelic differences in RREB binding by the BALB/c and DBA/2 promoters account for differences in the activity of the promoters. These conclusions may also be relevant to mouse lung tumors induced by chemical carcinogens, where the genetic predisposition of BALB/c mice to these tumors has also been linked to the region of mouse Chr 4 that harbors p16 (Herzog et al., 1999) . It would be of interest to determine whether p16 levels change in relevant tissues following chemical carcinogenesis protocols used to induce lung cancer in mice.
It could not be predicted, a priori, whether the p16 promoter activity in BALB/c relative to DBA/2 would be similar or lead to higher or lower activity levels. Since the BALB/c p16 protein is less active than the DBA/2 protein in inducing G1 arrest or suppressing ras transformation , one might have speculated that the BALB/c promoter would be more active than its DBA counterpart, in order to compensate for the coding defect. However, since the BALB/c promoter was less active than the DBA/2 promoter, the genetic polymorphisms in both the coding and regulatory sequences can synergize to produce a compound defect in p16 function in BALB/c.
Our promoter deletion and chimera constructs transfected into plasmacytoma cells allowed us to localize most of the differential promoter activity between BALB/c and DBA/2 to a single polymorphic Figure 8 Promoter activity (average of three experiments) in NIH 3T3 fibroblasts transfected with RREB. DBA/2N or BALB/cAnPt p16 promoter constructs (shown to the left) were co-or triple transfected into NIH 3T3 cells with either empty expression vectors or expression vectors for RAS, MEK, and/or RREB. These experiments were repeated three times nucleotide (À32), although the other polymorphisms may have physiological effects not identified here. Further in vitro and in vivo analysis, summarized below, supported the conclusion that differences in the efficiency of RREB binding to the BALB/c and DBA/2 promoters were responsible for the differential promoter activity localized to the À32 polymorphism. Nuclear extracts from splenic B cells bound to a labeled BALB/c oligonucleotide containing the RREB binding motif. The analogous unlabeled DBA/2 motif, which contains an additional nucleotide (A), was able to partially, but specifically, compete with the labeled BALB/c motif for binding the extract. The BALB/c and DBA/2 motifs were both able to bind GST-RREB, with BALB/c being more active than DBA/2. Transfection of RREB into plasmacytoma cells inhibited the promoter activity of both the BALB/c and DBA/2 promoters; however, the BALB/c p16 promoter was more sensitive to inhibition by RREB than the DBA/2 promoter. The results strongly suggest that endogenous RREB is the main factor that is responsible for the binding of the B-cell extract to the BALB/c oligonucleotide that contains the RREB binding site and for the differential activity of the p16 promoters in the plasmacytoma cells. Consistent with this possibility, splenic B cells from sensitive and resistant mouse strains were found to express Rreb. However, it remains possible that other endogenous factors may contribute to these activities.
A comparison of the promoter studies in plasmacytomas versus NIH 3T3 cells yielded some interesting similarities and differences. In the NIH 3T3 cells, exogenous RREB was able to suppress the exogenous p16 promoter only when active Ras or active MEK were also added. In the plasmacytoma cells, it was not necessary to add Ras or MEK for exogenous RREB to suppress the exogenous p16 promoter. The cotransfection studies with Ras and Mek confirm their importance as activators of RREB; previous studies (Thiagalingam et al., 1996) had shown RREB activity to be dependent on Raf for calcitonin upregulation. The requirement for exogenous Ras or Mek in the NIH 3T3 cells suggests that the exogenous RREB is inactive in these cells under our normal growth conditions. By contrast, exogenously added RREB becomes constitutively active in the plasmacytoma cells, suggesting that Ras, Mek, or some other member of the MAPK pathway capable of activating RREB is not limiting in plasmacytoma cells. Indeed, the cells are grown in IL6, which is a known activator of the Ras pathway (Ogata et al., 1997). An alternative possibility is that there might be factors in NIH3T3 cells that interfere with the binding or activity of RREB unless exogenous Ras or Mek is present.
These observations may be relevant to the differences in p16 expression seen in the splenic B cells from untreated versus pristane-treated mice. In untreated mice, RREB would not be active. Pristane treatment would induce inflammatory cytokines that activate RREB. The p16 promoter polymorphism at À32 would lead to the greater suppression seen in BALB/c than in DBA/2 or C.D2-Pctr1 mice.
The regulation of p16 expression is complex, with both positive and negative regulators identified for the human or mouse promoter. Expression from the human p16 promoter is upregulated by ETS1 and ETS2 (Ohtani et al., 2001) and RNA helicase (RHA) (Myohanen and Baylin, 2001) , and downregulated by the helix-loophelix protein ID1 (Alani et al., 2001; Ohtani et al., 2001) , RBAR1 (Rb-associated repressor 1) (Kaneko et al., 1999) , and ITSE (Ink4a transcriptional silence element) (Wang et al., 2001) . In addition, junB has been shown to upregulate the mouse promoter that contains several AP-1-like binding sites. None of these sites overlap the polymorphism at À32. Genetic studies have shown that the ability of junB to inhibit transformation by Ras or Src is attributable to its effects on p16 expression (Passegue and Wagner, 2000) .
Mechanistic analysis of the negative regulation by ID1 has yielded somewhat divergent results. Some studies have suggested the effects of Id1 on the p16 promoter are attributable to ID1 interacting with and inactivating ETS2 function (Ohtani et al., 2001) . Others have proposed that ID1 exerts its effects by preventing E proteins from binding E boxes in the promoter (Alani et al., 2001 ). An E box was found in the mouse promoter at À355 to À350, in a region distinct from any of the sites of genetic polymorphism identified in our studies. The mouse promoter (À1003 to 0) does not appear to contain a consensus binding site for RHA (CGGACCGCGTGCGC). The binding sites for RBAR1 (GAGGAGGGGCT) and ITSE (GAAGGTT) are also absent from the mouse promoter. However, there are regions in the mouse promoter (from À11 to À3 for RBAR1, and À17 to À13 and À13 to À9 for ITSE) with weak homology that might allow for binding of these transcription factors.
Inspection of the published sequence for the human p16 promoter indicates that it also contains a consensus binding site for RREB. As in the mouse, the RREB site in the human promoter is relatively close to the transcription start site of the p16 gene. One feature of the human promoter is that the putative RREB and ETS1 binding sites are overlapping, raising the possibility that the positive regulator, ETS1 (Ohtani et al., 2001) , may compete with the negative regulator, RREB, for binding in this region. In the mouse, however, the binding sites for ETS (À158 to À148) and RREB (À36 to À23) do not overlap. Recently, Taniai et al. (2002) have shown that several different point mutations in the p16 promoter, originally identified in primary sclerosing cholangitis-associated cholangiocarcinoma, can affect p16 expression in reporter gene assays.
Impairment of p16 function appears to be a critical determinant of plasmacytoma formation. Our genetic and functional analyses imply that the quantitative alterations resulting from the compound defect in p16 promoter and coding sequences present in the germline configuration in BALB/c mice contribute to their susceptibility to plasmacytomas. In addition, p16 is further inactivated in many BALB/c plasma cell tumors, by methylation (Zhang and Mock, 1999) and somatic mutation (Zhang et al., 1998) . As such, inefficiencies in p16 function coupled with further epigenetic and somatic events may lead to an overall defect in the RB pathway in plasma cell tumors by allowing cells to continue cycling and thereby providing an increased risk for acquiring additional mutations. Analogous mechanisms may contribute to the development of multiple myeloma and Burkitt's lymphoma in man, where p16 coding region mutations (Dilworth et al., 1999) , and p16 promoter methylation (Klangby et al., 1998) , respectively, have been identified.
The recognition of RREB as a negative regulator of p16 expression raises the possibility that pharmacologic inhibition of RREB activity might have therapeutic effects in tumors where activation of endogenous p16 might be expected to inhibit oncogenesis. Tumors with these characteristics may occur relatively frequently, as p16 expression seems to be commonly suppressed in tumors by nonmutational mechanisms, such as methylation. In these situations, a rational therapeutic approach might include administration of an agent that demethylated the p16 promoter along with an agent that inhibited RREB activity. As RREB is located in a genetic pathway downstream from Ras, an RREB antagonist might also inhibit cell growth by affecting the transcription of other genes, in addition to p16, whose expression may help to regulate the tumorigenic phenotype.
Materials and methods

Mice and enrichment of splenic B cells
Mice were maintained under conventional, closed barrier conditions at the National Cancer Institute. Experiments were carried out according to the institutional ethical guidelines for animal experiments and safety guidelines for gene manipulation experiments. Male DBA/2N, C.D2-Pctr1 (p16) , and BALB/cAnPt mice (4-8 weeks old) were injected with 0.5 ml of pristane. Splenic lymphocytes, enriched for B cells, were separated from these mice 7 days after injection and cultured in complete R10 medium (RPMI 1640 containing 10% fetal calf serum, 2 mm l-glutamine, 50 mm b-mercaptoethanol) with 50 ng/ml of LPS. Prior to LPS treatment, cells were plated out to remove adherent macrophage and fibroblast populations. Total RNA was prepared from these cells using the RNAgents Total RNA Isolation System Kit (Promega, #Z5100). Protein lysates were prepared in RIPA buffer (150 mm NaCl, 1.0% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 50 mm Tris, pH 8.0 for 1 h at 41C).
Quantification of mRNA by real-time PCR
The cDNA synthesized for RT-PCR and real-time PCR was carried out using the ABI kit (N808-0234, TaqMan Reverse Transcription Reagents), in a final volume of 100 ml containing 2 mg of total RNA, 5.5 mm MgCl 2 500 mm of each dNTP, 0.4 U of Rnase inhibitor, 2.5 mm of random hexamers, and 2 U of MultiScribe reverse transcriptase, and incubating sequentially at 251C for 10 min, 371C for 90 min, and 951C for 5 min. The primers and probe for the detection of mouse p16
INK4a were designed with Primer Express software from ABI (Applied Biosystems) based on GenBank sequence data (Accession # AF 044336). The sequences for the p16
INK4a primers and probe were as follows: sense: 5 0 -CCCAACGCCCCGAACT-3 0 (positions: 169-184), antisense: 5 0 -GTGAACGTTGCCCATCAT-CA-3 0 (positions: 231R-212R; probe (including fluorescent end-label designations): 5'-6FAM-TTTCGGTCGTACCCC-GATTCAGG-TAMRA-3 0 (positions: 186-210). The sequences for the primers and probe corresponding to mouse ribosomal RNA were provided by ABI kit (TaqMan Ribosomal RNA control reagent, Part # 4308329) and was used as a 'housekeeping' gene to normalize sample differences in total RNA levels. p16 and ribosomal cDNA levels were quantified by real-time PCR using an ABI prism 7700 sequence detector according to the manufacturer's instructions (ABI). Each sample was assayed in triplicate. TaqMan Universal PCR Master Mix buffer (Part # 4304437) was also purchased from ABI. A standard for p16 detection was made with the pcDNA/DBA p16 plasmid containing full-length p16 INK4a cDNA; while the standard for the detection of ribosomal RNA was made with cDNA derived from untreated controls. Real-time PCR was performed in 25 ml reaction volumes. A measure of 50 or 0.2 ng of cDNA was used for measuring p16 or ribosomal RNA levels. The final concentrations of primers and probe for the detection of p16 mRNA were 600 and 200 nm, respectively, and the final concentrations of primers and probe for ribosomal mRNA were 50 and 200 nm, respectively. Each p16 mRNA level was normalized against its own ribosomal control.
RT-PCR of RREB
The following primers were used to amplify Rreb mRNA from BALB/c, DBA/2, and C.D2-Pctr1. mice: sense: 5 0 -CACCA-CAGATACCAACAAGT-TCAGTCC-3 0 , reverse:
0 (359 bp product including amino acids 212-331) in normal versus pristane-primed mice. The RNAs were the same as those used for the real-time PCR analysis of p16.
Sequencing and plasmid constructs
Both BALB/c and DBA/2N p16 promoters (À761/+113) were created by PCR amplification from kidney tissue of DBA/2N or BALB/cAnPt mice, respectively. The following primers were used to generate the p16 promoter: (forward) 0 5-TGGTAAACGAACAACGAGCCCCATAA-0 3 and (reverse) 0 5-CTGGCCAGTCTGTCTGCAGCGGACTC-0 3. The BALB/c and DBA/2N p16 promoter fragments were cloned into the pCR 2.1-TOPO vector (Invitrogen) to form pCR2.1/p16p-BALB/c and pCR2.1/p16p-DBA/2N.
Initially, the fragments (À761/+81) from the plasmids of pCR2.1/p16p-DBA/2N or pCR2.1/p16p-BALB/c were cloned into the sites (MluI and HindIII) of pGL2-basic (Promega) to create plasmids of pGLD-761 or pGLC-761, respectively. The following primers were used to generate the plasmids that contain the MluI or HindIII linker: (p1: forward) atacgcgtTGGTAAACGAACAACGAG and (p4: reverse) atacgcgtGCTGCTCCAGATGGCTCTC. All subsequent deletion constructs had the same 3 0 end at the +81 HindIII site. pGLD-586 and pGLC-586 were made by digestion with KpnI(-586). pGLD-469 and pGLC-469 were made by digesting with MluI and AflII (-469), blunting the ends with Large Klenow Fragment (DNA Polymerase I, Boehringer Mannheim/ Roche), and recircularizing with T4 DNA ligase. pGLD-341 or pGLC-341 were created by PCR with pGLD-586 or pGLC-586 as the template (10 ng), a common 3 0 primer with HindIII linker (p4) and a 5 0 primer (p2) 5 0 -atacgcgtTGTG-CACTTCTTTGCTGTGCG. pGLD-141 and pGLC-141 were created by PCR with pGLD-586 and pGLC-586, respectively, as the template (10 ng), a common 3 0 primer with HindIII linker (p4) and a 5 0 primer (p3)5 0 -atacgcgtAGCAGTGTTTT-CAGGGGTG.
In order to make the p16 promoter chimeras between DBA/ 2N and BALB/c, different fragments were made from pGLD-761 or pGLC-761. Three fragments were ligated to generate the following chimeric plasmids: pGLC1-761: MluI/HindIII fragment (from pGL2-basic), MluI/BspEI fragment (from pGLD-761), and BspEI/HindIII fragment (from pGLC-761); pGLC2-761: MluI/HindIII fragment (from pGL2-basic), MluI/ Eco47III fragment (from pGLD-761), and Eco47III/HindIII fragment (from pGLC-761); pGLC3-761: MluI/HindIII fragment (from pGL2-basic), MluI/AflII fragment (from pGLD-761), and AflII/HindIII fragment (from pGLC-761).
The full-length cDNA of human RREB was excised from pBSrlRREB (generously provided by Dr Barry Nelkin) to create the expression construct pcDNA3.1-hRREB. The fulllength of RREB was made by digesting with XhoI, blunt end with Large Klenow Fragment, and then creating 5 0 sticky ends with XbaI; the pcDNA3.1 vector was prepared by digesting with EcoRI, blunting the 3 0 end with Large Klenow Fragment, and then creating 5 0 sticky ends with XbaI. Those two fragments were ligated with T4 DNA ligase to generate pcDNA3.1-hRREB plasmid.
All PCRs were performed with either Taq or Pfu DNA polymerase (Stratagene). All luciferase (Luc) constructs were named relative to the transcription start site for p16. All sequences were confirmed by BigDye Terminator reagent (Perkin-Elmer). MatInspector V2.2 was used in conjunction with the TRANSFAC 4.0 database to identify putative binding sites in the p16 promoter.
Cell culture and transfection
TEPC1165 cells were cultured in complete R10 medium with 3.6 ng/ml. IL-6 (40 U/ml) at 371C in 5% CO 2 to a maximum density of 5 Â 10 5 cells/ml. All plasmids used in transfection experiments were purified twice in cesium chloride (CsCl) gradients (Sambrook et al., 1989) . Cells were pelleted and resuspended at 1 Â 10 7 cells/0.25 ml in the supernatant, then electroporated at room temperature with a Cell-Porator (Life Technologies Inc.) at 180 V, 1600 mF and low resistance setting (Brown et al., 1995) . Cells were diluted in 10 ml of medium and incubated for 24 h before analysis. NIH 3T3 cells were grown in DMEM supplemented with 10% FCS and 1% pen-strep at 371C in 5% CO 2 The cells were split into 60 mm tissue culture dishes at 5 Â 10 5 cells/dish, 5 h prior to transfection with lipofectamine (Gibco-BRL) following the manufacturer's instructions. All transfections were done in duplicate in each experiment, and all experiments were performed at least three times for confirmation.
Luciferase activity assay
Cell extracts from transfections were prepared with reporter lysis buffer (Promega). Extracts were clarified by centrifugation at 12 000 g for 5 min. TEPC1165 cells were electroporated with a total of 20 mg of plasmid DNA (luc reporter plasmid : RREB plasmid, 9 : 1). NIH 3T3 cells were transfected using lipofectamine. In the case of multiple (3) transfections, the ratio of luciferase reporter plasmid to activated Ras (PEFP-vRas H ; Anborgh et al., 1999) or Mek (PBABE-MEK (Q56P); Bottorff et al., 1995) to RREB was 4 : 1 : 2 for a total of 4 mg of plasmid DNA transfected.
For the luciferase assay, 20 ml aliquots of cell extracts were added to 96-well plates (DYNEX microtiter plate). Luciferase activity was read with a DYNEX MLX Microtiter Plate Luminometer; 100 ml of luciferase reagent was injected and samples read sequentially in a luminometer (5 s/well). The protein concentration was measured for each cell extract in BCA reagent. Luciferase activity was normalized against individually assayed protein contents.
Preparation of nuclear extracts (NE)
Spleens were taken from mice (DBA/2N and BALB/c) and washed with complete R10 medium. Splenocytes and lymphocytes were extracted from spleens by repeated injections of R10 media in and out of the spleen. The cells were collected by centrifugation at 1200 r.p.m. for 5 min. ACK lysis buffer (BioWhittaker) was used to remove red blood cells. Cells were resuspended in R10 medium and cultured at 371C, 5% CO 2 overnight (to remove adherent marcophages and fibroblasts). At this point, the cells were stimulated with 50 ng/ml LPS (Sigma, Cat: #L-2880) for 2 more days. Cells were washed with 1 Â PBS and resuspended in 4 ml of hypotonic buffer (10 mm HEPES pH 7.9, 1.5 mm MgCl 2 , 10 mm KCl, 2 mm AEBSF, 0.5 mm DTT). Cells were pelleted at 3000 r.p.m./5 min/41C and resuspended in 1.2 ml hypotonic buffer and incubated on ice for 10 min. Cells were disrupted with a dounce homogenizer (15 strokes, pestle B) and stained with trypan blue to detect nuclei.
Nuclei were collected (6000 r.p.m./15 0 /41C), and resuspended in 300 ml of low-salt buffer (20 mm HEPES pH 7.9, 25% glycerol, 1.5 mm MgCl 2 , 20mm KCl, 0.2 mm EDTA, 2 mm AEBSF, 0.5 mm DTT). A volume of 300 ml of high-salt buffer (20 mm HEPES pH 7.9, 25% glycerol, 1.5 mm MgCl 2 , 1.2 m KCl, 0.2 mm EDTA, 2 mm AEBSF, 0.5 mm DTT) was added dropwise and mixed by pipetting between drops. Nuclear extracts were incubated on ice for 30 min and centrifuged at 14 000 r.p.m./41C for 30 min. Suspension solutions were dialyzed against 500 ml dialysis buffer (20 mm HEPES pH 7.9, 20% glycerol, 100 mm KCl, 0.2 mm EDTA, 0.5 mm AEBSF, 0.5 mm DTT) at 41C for 3 h (Spectra/Por 4-10 mm tubing M.W.C.O. 12 000-14 000) (Spectrum Laboratories). The dialysis solution was centrifuged at 14000 r.p.m./ 41C/20 min. Following protein titer assays (BCA, Bio-Rad), nuclear extracts were dialyzed, adjusted to 2.5 mg/ml and stored at À701C (all steps were performed at 41C).
Electrophoretic mobility shift assay (EMSA) RREB binding probes from DBA/2N or BALB/c were annealed by heating the following single-stranded oligos: DBA-RREB (forward): 5 0 -tgtgGCTCCCCCCCCCCCACAC-CATCCTCAGAGGA-3 0 and DBA-RREB (reverse): 5 0 -ttccTTCCTCTGAGGATGGTGTGGGGGGGGGGGAG-3 0 ; BALB-RREB (forward): 5 0 -tgtgGCTCCCCCCCCCCCCCA-CCATCCTCAGAGGA-3 0 and BALB-RREB (reverse): 5 0 -ttccTTCCTCTGAGGATGGTGGGGGGGGGGGGGAG-3 0 . Probes were labeled using Klenow at room temperature for 15 min (total reaction volume, 10 ml). Reactions were stopped by heating to 951C for 2 min and adding 1 ml of 0.5 m EDTA and 40 ml of dH 2 O. The labeled probe was purified with 'ProbeQuantt G50 Micro Columns' (Amersham Pharmacia Biotech, Inc.). 32 P-labeled DNA (30,000-50, 000 c.p.m) was incubated in DNA binding buffer (10 mm Tris-HCl pH 7.5, 2.5 mm MgCl 2 , 50 mm KCl, 1 mm DTT, 10% glycerol, and 25 mg/ml poly dI : dC) for 20 min at RT in a final volume of 24 ml with varying amounts of purified GST-fusion proteins or nuclear extracts.
In the competition experiments, 1 ml of competitor (1 pM of cold probe) was incubated with extracts for 20 min at RT before adding labeled probe. The following oligos were used: Spl ( 0 . DNA-protein complexes were analysed on 6% polyacrylamide gels (acrylamide/bisacrylamide, 37.5 : 1 for NE) or 10% TBE gels (for GST-fusion proteins, NOVEX). Gels were dried and exposed to X-ray film for 24-48 h or placed on storage phosphor screens (Molecular Dynamics). Bands on phosphor screens were analysed via the Phosphorimager Storm 860 (Molecular Dynamics) and ImageQuant 1.2.
